The data clearly indicate nutrient stratification oc- 1661-1665. curring within the row and with soil depth on three soils Mehlich, A. 1953. Determination of P, Ca, Mg, K, Na and NH 4 . N.C.
Aquapore Moisture Systems, Phoenix, AZ) in parallel more efficient in subsoil NO Ϫ 3 removal than its N 2 -fixing trenches about 30 cm apart and 50 cm deep. In May 1993, the parent (Blumenthal and Russelle, 1996 (Rehm and NO Ϫ 3 uptake. Multileaflet cultivars, for example, may Schmitt, 1990) . All amendments were broadcast applied and have a greater capacity to reduce and assimilate or to disk-incorporated in the upper 20 cm. Trifluralin [2,6-dinitro- temporarily store in vacuoles the NO Ϫ 3 that was not N, N-dipropyl-4-(trifluoromethyl) benzenamine] was applied reduced in roots. Cultivars selected for high crude propreplant at a rate of 0.56 kg a.i. ha Ϫ1 to control weeds. Posttein concentration in herbage may have a higher total emergence weed control during the experiment was done by hand. In early June 1993, the soil was rototilled and packed, sink capacity for N, thereby conferring improved and on 12 June 1994, alfalfa entries (described below) were NO Ϫ 3 uptake capacity. Root system architecture may seeded in 1.8-by 2.4-m plots at a rate of 500 live seeds m
Ϫ2
alter uptake of nutrients from soil (Fitter, 1996) , aland a row spacing of 18 cm. The seed was inoculated with though van Noordwijk (1983) argued that relatively commercial Rhizobium meliloti (Nitragin, Milwaukee, WI).
small root length densities are sufficient to maximize On 21 Apr. 1995, 45 kg N ha Ϫ1 as sulfur-coated urea was uptake of mobile nutrients like NO Ϫ 3 .
broadcast-applied to the entire experimental area to suppleNitrogen harvested in herbage of standard alfalfa culment the low N supply of this soil.
tivars consists not only of inorganic soil N, but also atmospheric N 2 fixed by Rhizobium and N remobilized Experimental Design and Treatments internally from crowns and roots (Ourry et al., 1994;  The experimental design was a randomized complete block Russelle et al., 1994 terns, herbage quality, and leaf morphology and (ii) to the subsoil treatments were established by applying 25 mm water through the subirrigation system at a rate of about 5 mm h
Ϫ1
. This was done once or twice a week as needed, depending
MATERIALS AND METHODS
on season and rainfall (Wright and Bergsrud, 1991 -N concentra-20 mM concentration, but we do not know how much of this N remained in the root zone in this shallow, sandy soil, so the tions was generated using linear interpolation and plotting the isolines as mirror images around the hose. amount applied is not appropriate for calculating recovery of added N. The effectively treated depth increment was 40 to Because nutrient availability can alter expression of root system architecture, three rows within each subplot were 50 cm thick (discussed below). Our objective was to provide a relatively constant concentration of NO Ϫ 3 in the subsoil over undercut on 4 Oct. 1996 to a depth of about 25 cm, and plants were removed and evaluated for number of lateral roots, fitime, rather than to apply a specific amount of N per unit area.
Subsoil N uptake was quantified using 15 N during two herbbrous root mass, and taproot diameter 5 cm below the crown as described by Johnson et al. (1996) . Root system architecture age regrowth periods. In the summer regrowth of 1995, 15 N was added to all five subirrigations between 22 June and 18
was not rated in the Ineffective Agate that received the low N treatment, because stands were too poor. July 1995, bringing the added Ca(NO 3 ) 2 to 0.4491 atom % 15 N. During two regrowth periods, in spring (six subirrigations) and fall (nine subirrigations) of 1995, Br Ϫ was added at a
Calculations and Statistical Analysis
concentration of 38 M to the water containing 20 mM The standard isotope equation (Hauck, 1982) was used to NO Ϫ tracer upin the summer regrowth period of 1995. All data were subtake. During the spring regrowth in 1996 (six subirrigations), jected to ANOVA using SAS (SAS Inst., 1987) , with both N subirrigation water at the high NO The same amount and concentrausing linear regression with SAS. Treatment effects were contion of NO Ϫ 3 -N were applied in each case (total ≈ 425 kg sidered significant for comparisons where the probability of NO
As is the case for the entire experiment, we obtaining a larger F-statistic by chance alone was less than did not determine how much of this N remained in the rather 5% and LSDs were calculated for comparisons of main effects. shallow treated zone of the subsoil. Data from this regrowth were used to compare uptake of the two tracers by the alfalfa entries, and to determine whether alfalfa entries differed in the subirrigation system was insufficient to completely Soil samples were taken at about 3, 8, and 13 cm away from replace soil water, and so the 20 mM NO (Diamond, 1992; Switala, 1993) after 2 M KCl extraction of air-dry, ground Root System Architecture soil samples (Keeney and Nelson, 1982) . We averaged data Alfalfa germplasms selected previously for a fibrous within each of the two subsoil NO Ϫ 3 -N treatments from all root system (i.e., plants having many roots Ͻ2 mm in cores at distances of 3, 8, and 13 cm from the subirrigation tubes, except that only about 60% of the samples in the control diameter) had highest scores for fibrousness in both tive Agate that did not receive additional NO Ϫ 3 was not possible, because stands were lost by autumn of the third year due to the very low N availability at this site. Agate yielded about one-third as much as the N 2 -fixing alfalfa entries during the establishment year, confirming the population selected for having a branched-rooted the very limited N supply capacity of the soil at this site. growth habit and in the population selected for having Application of subsoil NO Ϫ 3 to one-half of the plots a strong taproot (Table 1) . Lateral root number score started on 21 Aug. 1994 and did not affect herbage yield of MWNC-LFaeC2-TAP was smaller than that of the on 19 Oct. 1994. We attribute this lack of NO Ϫ 3 response, other experimental germplasms. Agate and WL-322 HQ especially in Ineffective Agate, to the presumably shalexpressed moderate numbers of fibrous roots and little low extent of the developing root systems and, therebranching, whereas Multi-7 was more branched and fifore, to the very limited capacity of the plants to absorb brous. Application of subsoil NO Ϫ 3 over nearly two NO Ϫ 3 applied at depth. growing seasons had no effect on root branching and As expected, there were marked interactions of subfibrousness, and increased taproot diameter only marsoil NO Ϫ 3 treatment with entry for yields at all harvests ginally compared with alfalfa in plots that received well of the second and third year after stand establishment, water only. These data indicate that differences in root due primarily to the contrasting response of N 2 -fixing characteristics in alfalfa were maintained over the length entries compared with Ineffective Agate. (Fig. 2) . Addition of Evaluation of root system characteristics of the Ineffec- in yield differences between Ineffective Agate and the N 2 -fixing entries. riod, symbiotic N 2 fixation in the N 2 -fixing alfalfa entries In contrast to the large effects observed with Ineffecwas reduced by 41% by exposure to subsoil NO Ϫ 3 , with tive Agate, subsoil NO Ϫ 3 increased total annual forage no differences in extent of this reduction among N 2 -yield of the N 2 -fixing entries by only 12% during Year fixing entries. Ineffective Agate and the N 2 -fixing en-2 (Fig. 2) . The yield increase due to NO Ϫ 3 in these entries tries did not differ in subsoil NO Ϫ 3 -N removal in the probably reflects the combination of limited soil N supspring harvest of the third year, but total N yield was ply and insufficient rates of symbiotic N 2 fixation. Alfalfa smaller in Ineffective Agate than in the N 2 -fixing entries yields commonly are increased with fertilizer N addition (Fig. 4) . During this regrowth period, exposure to subat low fertility sites (Feigenbaum and Hadas, 1980; Fish- soil NO Ϫ 3 reduced symbiotic N 2 fixation in the N 2 -fixing beck and Phillips, 1981; Trimble et al., 1987) , whereas at entries by 68%, and again no differences were found sites favorable for alfalfa production and with effective among N 2 -fixing entries in reduction of symbiotic N 2 inoculation with Rhizobium, application of N fertilizer fixation. at establishment does not increase yield (Eardly et al., We used the standard isotope equation (Hauck, 1982 (Hauck, ) 1985 . Lack of yield response to subsoil NO 
RESULTS AND DISCUSSION

Amounts and Sources of Herbage N
Herbage N concentration was 33 to 36 mg N g Ϫ1 dry matter at all harvests and was not affected by the applied subsoil NO Magarian et al., 1998) . Taken together, these results indicate that Br Ϫ can be used as a reliable and costcontribution from different sources, as was demonstrated in an earlier study (Blumenthal and Russelle, effective alternative for 15 N in NO Ϫ 3 -N uptake studies. In addition, alternating these two tracers can largely 1996). We used the standard difference method to estimate symbiotic N 2 fixation of the plants that were subiravoid the confounding problems of shoot N derived from remobilized storage proteins in the roots and rigated with nonamended well water (Weaver, 1986) . Under higher soil N supply, such as was provided with crown in experiments designed to estimate current N uptake. subsoil irrigation in this experiment, the difference technique can result in a large underestimation of symbiotic During spring regrowth, Ineffective Agate removed 1.23 times as much subsoil NO (Magarian et al., 1998) . In mide and 15 N accumulation in alfalfa herbage were order to quantify the amount of NO Ϫ 3 -N derived from closely related under our field conditions (Fig. 5) , confertilizer, calibration experiments are necessary to esfirming what was found under greenhouse conditions tablish the relationship between NO Ϫ 3 -N and Br Ϫ uptake in the crop of interest under the specific experimental conditions to be used. By establishing this relationship and knowing the Br Ϫ concentrations in the NO Ϫ 3 source and crop, total NO Ϫ 3 -N uptake can be calculated. No differences in subsoil NO Ϫ 3 uptake were found at any time among diverse N 2 -fixing alfalfa entries selected for differences in rooting system architecture, forage quality, and leaf morphology. This indicates that alfalfa entries adapted to the growing conditions of the Upper Midwest of the USA in general may not differ in subsoil NO Ϫ 3 uptake, a criterion for which they have not been selected. This contrasts with earlier evidence with topdressed NH 4 NO 3 , which indicated differences among diverse N 2 -fixing alfalfa entries (Lamb et al., 1993) . Using the dual-tracer technique, we estimated that Ineffective Agate removed 38% more subsoil NO these results suggest that ineffectively nodulated alfalfa 
